A polyprotein cleavage assay has been developed to assay the proteolytic activities in vitro of the 2A proteinases encoded by poliovirus and human rhinovirus 14, which are representative members of the Many positive-sense RNA viruses encode proteinases which play important roles in viral replication (18, 29) . These enzymes have discriminatory and unusual cleavage specificities, and much current interest in understanding their structures and mechanisms of action derives from the realization that they are therefore attractive targets for the rational development of selective and specific antiviral inhibitors (20, 28) . One of the largest families of human pathogenic RNA viruses is the Picornaviridae, whose members include poliovirus and rhinovirus, the etiological agents of poliomyelitis and the common cold, respectively. Poliovirus, a member of the genus Enterovirus, is the prototypic picornavirus, and its structure and biological properties have been characterized in the greatest detail. In contrast to the effective control of infectious poliovirus, vaccination against human rhinoviruses (HRV) is impracticable, since over 100 different HRV serotypes have been described (14) . The development of a group-specific inhibitor of viral replication is therefore an attractive alternative to immune prevention. This strategy is encouraged by the extensive similarities between the genomic nucleotide sequences of all members of the Enterovirus and Rhinovirus genera and, hence, between the polypeptides that they encode (44).
elastatinal, whereas the mobility of a Cys-109--Ala poliovirus 2APr' mutant was unchanged, an observation suggesting that this inhibitor may have formed a covalent bond with the active-site Cys-109 nucleophile. Iodoacetamide, calpain inhibitor 1, and antipain inhibited poliovirus 2AP'. MPCMK caused a reduction in the yields of the enteroviruses poliovirus type 1 and coxsackievirus A21 and of human rhinovirus 2 in infected HeLa cells but did not affect the growth of encephalomyocarditis virus, a picornavirus of the Cardiovirus genus. MPCMK abrogated the shutoff of host cell protein synthesis that is induced by enterovirus and rhinovirus infection and reduced the synthesis of virus-encoded polypeptides in infected cells. These results indicate that the determinants of substrate recognition by 2A proteinases resemble those of pancreatic and leukocyte elastases. These results may be relevant to the development of broad-range chemotherapeutic agents against entero-and rhinoviruses.
Many positive-sense RNA viruses encode proteinases which play important roles in viral replication (18, 29) . These enzymes have discriminatory and unusual cleavage specificities, and much current interest in understanding their structures and mechanisms of action derives from the realization that they are therefore attractive targets for the rational development of selective and specific antiviral inhibitors (20, 28) . One of the largest families of human pathogenic RNA viruses is the Picornaviridae, whose members include poliovirus and rhinovirus, the etiological agents of poliomyelitis and the common cold, respectively. Poliovirus, a member of the genus Enterovirus, is the prototypic picornavirus, and its structure and biological properties have been characterized in the greatest detail. In contrast to the effective control of infectious poliovirus, vaccination against human rhinoviruses (HRV) is impracticable, since over 100 different HRV serotypes have been described (14) . The development of a group-specific inhibitor of viral replication is therefore an attractive alternative to immune prevention. This strategy is encouraged by the extensive similarities between the genomic nucleotide sequences of all members of the Enterovirus and Rhinovirus genera and, hence, between the polypeptides that they encode (44) .
All poliovirus proteins are generated by proteolytic processing of a single 247-kDa polyprotein that is translated from the genomic RNA (24) , following initiation by the novel mechanism of internal ribosomal entry (23) . All but one of the processing steps are catalyzed by three virally encoded proteinases, 2Apro, 3CprO, and 3CDPrO, which are themselves part of the polyprotein (16, 18) . The catalyzed by 2APro, which cleaves a Tyr-Gly dipeptide at its own amino terminus (50) . It must occur before the P1 precursor can be processed to yield capsid proteins (34) . 2APrO is also involved in the rapid shutoff of host cell protein synthesis that occurs upon infection with poliovirus and which is associated with proteolytic cleavage of the 220-kDa -y subunit (p220) of eukaryotic translation initiation factor eIF-4F (11, 27) . 2Apro probably activates a latent cellular proteinase which then cleaves p220 (17, 54 , and references therein). Other possible functions of 2APrO are the trans activation of picornavirus translation (13) and an unknown role in poliovirus genome replication (33a).
The activity of poliovirus 2APro is inhibited by the alkylating agents iodoacetamide and N-ethylmaleimide (25, 55) , an observation indicating that the enzyme contains an active-site thiol group. This supported an earlier classification of 2APrO as a cysteine proteinase (6) . However, 2APrO is not related to the papain superfamily, since it is not inhibited by the classical epoxide inhibitor E-64 (25, 55) and shows no sequence similarity with this family. More recently, it has been suggested that 2Apro is structurally related to the small subclass of trypsin-like serine proteinases, such as alphalytic protease, and specifically, that His-20, Asp-38, and Cys-109 form the catalytic triad (3) . The proposed substitution of a cysteine residue for a serine residue in the viral catalytic triad, which is a notable difference between the cellular trypsin-like and the viral trypsin-like proteinases, is supported by the results of recent experiments (17, 55) . Other differences between corresponding residues in 2APr0 and cellular trypsin-like proteinases are likely to contribute to changes in the active-site environment and to substratebinding interactions. 2Apro cleaves only two of the 10 Tyr-Gly dipeptides in the poliovirus polyprotein (50) (19) . In this respect, 2APro resembles alpha-lytic protease (2) , but it differs significantly from this enzyme with respect both to its cleavage specificity and to the primary determinants of substrate recognition (19, 30) . HRV2 2APro has been characterized in similar detail as poliovirus 2APrO (26, 41, 43) Cleavage assays using [35S]methionine-labelled polypeptide substrates and unlabelled 2APrO derived by translation in vitro were done essentially as described previously (27) .
Inhibitors were preincubated with unlabelled 2APro for 15 min at 30°C, and a 10-,I aliquot of this mixture was then incubated with a 2-,ul aliquot of the substrate for 120 min at 30°C. mRNA transcripts derived from pT7XL were translated in a HeLa cell extract prepared as described previously (33, 36 5 U/ml; e-aminocaproic (e-N-caproic) acid, 5 mM; elastatinal, 250 ,uM; diisopropylfluorophosphate (D. propylfluoroph.), 500 ,uM; soybean trypsin (Trp.) inhibitor, 2 mM; o-phenanthroline, 1 mM. The primary translation product S (VP1-A2AB) and the two cleavage products P (VP1) and P' (A2AB) are indicated on the right.
isolates have been described previously (9, 32 MPCMK was present at concentrations as indicated above in a final concentration of 5% DMSO. Gel electrophoresis of protein samples. Samples were prepared and electrophoresis was done by using 12.5% polyacrylamide-sodium dodecyl sulfate (SDS) gels as described previously (34) . Gels containing products of translation in vitro were treated with En3Hance (New England Nuclear Corp.). Kodak XAR-5 film was exposed to dried gels for 18 h. The extent of cleavage was quantitated by scanning X-ray films with an LKB laser densitometer. (Fig. 1, lane 2) . This substrate was efficiently cleaved at the VP1-2A site by exogenous 2APro to yield two products of the expected sizes (Fig. 1, lane 3) .
RESULTS

Characterization
The effects of 10 different proteinase inhibitors on the trans cleavage activity of 2APrO were assayed (Fig. 1 (1) . The efficient inhibition of poliovirus 2APro by elastatinal shown in Fig. 1 suggests that elastase and poliovirus 2APr°have similar determinants of substrate binding. To investigate this relationship further, the effect of MPCMK (a highly specific peptide chloromethylketone inhibitor of human leukocyte elastase [38] ) on the proteolytic activity of 2APr was assayed. MPCMK (IC50 = 20 FM) was a less efficient inhibitor than elastatinal of the proteolytic activity of poliovirus 2APro (Fig. 2B) (Fig. 3A, lane 6 ). This modification was not due to the failure of 2APrO to cleave itself from the six amino acid residues that are present at its amino terminus upon translation of pS32A3 mRNA, since it also occurred when elastatinal was added to the RRL after translation had ceased (Fig. 3A, lane 7) . This observation shows that the inhibitor must have interacted with the synthesized protein. The modification was also not restricted to serotype 3 of poliovirus, from which this 2Apro species originated, since a similar modification of 2APr0 was apparent upon translation of genomic-length PV1(M) mRNA transcripts with subsequent addition of the inhibitor (Fig. 3A,  lane 3) . Altered electrophoretic mobility due to elastatinal was specific to 2APro and was not observed for 3CPro, the second proteinase encoded by poliovirus (Fig. 3A, lane 3) . The electrophoretic mobility of HRV14 2APro was modified by the addition of elastatinal after translation in a manner identical to that observed for the PV1(M) and PV3(S) 2APro moieties (Fig. 3B, lane 6) .
The carboxy-terminal moiety of elastatinal is alinal (1), and by analogy with other aldehyde analogs of peptide substrates (47, 53) it is likely that it forms a covalent bond with the active site Cys-109 residue of poliovirus 2APrO. The small decrease in the electrophoretic mobility of 2APro after incubation with the inhibitor is consistent with covalent linkage to a small peptide moiety. To eliminate the possibility that elastatinal was linked to a residue other than Cys-109, RNAs encoding wt PV1(M) 2APrO and 2APro containing a Cys-109-3--Ala substitution RNA (17) were translated in RRL in the presence or absence of elastatinal (Fig. 3B) . Elastatinal caused a decrease in the electrophoretic mobility of wt 2APr (Fig. 3B, lane 2) and rhinoviruses in HeLa R19 cells. Monolayers of HeLa R19 cells were infected with CAV21, HRV2, PV1(M), or a dicistronic derivative of PV1(M), W1-P1/E/P2,3-1, in the absence or presence of MPCMK. In W1-P1/E/P2,3-1, the poliovirus polyprotein is interrupted between the P1 and P2-P3 regions by insertion of the EMCV internal ribosomal entry site (32) . Since the polyprotein is genetically interrupted between VP1 and 2A, the requirement for the primary role of 2A in separating the P1 capsid protein precursor from the nascent polypeptide has been abolished. Cells and medium were harvested at either 7 or 9 h postinfection, and virus yield was determined by plaque assay (see Materials and Methods) . The yield of each of these viruses was unaffected by the presence of 5% DMSO but was progressively reduced by the additional inclusion of increasing concentrations of MPCMK in the culture medium (Fig. 4) . The reduction in titer was between 100-and 1,000-fold in the presence of 1 mM MPCMK for each of these viruses as well as for PV2(S), PV3 (Leon), and HRV14 (data not shown). Growth of PV1(M) was reduced 10-fold in the presence of 0.5 mM elastatinal in the culture medium (data not shown). As a control, HeLa R19 cells were also infected with EMCV in the absence or presence of MPCMK and/or DMSO. The yield of EMCV was not affected by the presence of MPCMK in the culture medium (Fig. 4) . EMCV is a picornavirus of the Cardiovirus genus and was used as a control because it encodes a 2A polypeptide that is wholly unrelated to the 2A proteinases of rhinoviruses and enteroviruses. The inhibitory effects of MPCMK on enterovirus and rhinovirus growth in HeLa cells thus are not due to impairment of cellular function but result directly from interference with one or more aspects of virus replication. As the proteolytic activity of 2APro was shown above to be inhibited by these compounds in vitro (Fig. 1) , this polypeptide is therefore a likely target for inhibition in vivo.
The effects of MPCMK on the expression of PV1(M), CAV21, and HRV2 proteins in HeLa cells were investigated by SDS-polyacrylamide gel electrophoresis analysis of radioactively labelled proteins that had been synthesized in virus-infected and mock-infected cells. MPCMK did not affect the pattern of cellular protein synthesis at the concentrations tested (Fig. 5, lanes 8 and 9) . The extent of host cell shutoff induced upon infection with HRV2 and CAV21 was less severe than that which resulted from poliovirus infection. The virus-induced shutoff of host cell protein synthesis in cells infected with PV1(M) and HRV2 (Fig. 5 , lanes 2 to 4 and 5 to 7, respectively) was inhibited in the presence of 0.25 mM MPCMK, and synthesis of viral proteins was not apparent against the background of cellular proteins. Similar results were obtained for CAV21 and PV2(S) (data not shown). We have not been able to determine whether the failure to induce shutoff by these viruses in cell culture results from inhibition of 2APro or from direct inhibition of the induced activity that is responsible for cleavage of p220.
These two proteolytic activities are both (independently) inhibited by elastatinal (data not shown) in in vitro assays of a type described elsewhere (27) .
DISCUSSION
Poliovirus and rhinovirus 2A proteinases are thought to be structurally related to trypsin-like serine proteinases but to differ significantly from the cellular enzymes in having a cysteine residue in place of the serine component of the catalytic triad (3) . This proposed substitution is supported by the results of mutational analysis (17, 43, 55) and is consistent with the inhibition of the proteolytic activity of the 2A proteinases by the alkylating agent iodoacetamide reported here and elsewhere (25, 55) . In contrast to this general inhibitor of cysteine proteinases, elastatinal and MPCMK are highly specific inhibitors of mammalian elastases and inhibit other serine proteinases, such as trypsin, chymotrypsin, and cathepsin G, only weakly or not at all (1, 38, 39 [4] ) are conserved in over 60 isolates of poliovirus (19) , and a similar pattern is evident in all other entero-and rhinoviruses (17) . The results of mutational analysis of residues at these positions suggest that 2A proteinases recognize an extended series of subsites that together define a cleavage site (19, 30, 41) . The rate of hydrolysis by elastase is also highly dependent on substrate length (45, 46, 49) and parallels the length dependence of elastase inhibition by peptide chloromethylketones (38, 39, 48 Synthetic neutrophil elastase inhibitors are potential therapeutic agents in the treatment of emphysema (12, 37, 42, 51) , and we consider it possible that related inhibitors may find a role in the treatment of diseases caused by enteroviruses and rhinoviruses. We have shown that relatively high concentrations of MPCMK inhibited the growth of several members of these two picornavirus genera in tissue culture. In contrast, the inhibitor had no effect on the growth of the cardiovirus EMCV, which does not encode a serine protease-like 2APro. Inhibition is thus selective and does not result from impairment of cellular functions required to support viral replication. The primary role of 2APro is the intramolecular cleavage of the P1 capsid protein precursor from the P2-P3 nonstructural protein precursor, but it plays several other roles that are advantageous to, and may be essential for, virus replication. These roles include mediating the shutoff of host cell protein synthesis (27) , transactivation of viral translation (13) , and an additional undefined role in viral growth (33a) . The importance of these additional roles is emphasized by the inhibition of the growth of the poliovirus W1-P1/E/P2,3-1 by MPCMK. In this dicistronic virus, the requirement for the primary role of 2APW has been abolished following genetic separation of the P1 and P2-P3 coding regions. All of the functions of 2APrO other than this cleavage may be inhibited by MPCMK, a possibility which could account for the observed inhibition of the shutoff and the reduction in viral protein synthesis in virus-infected cells. The availability of specific 2APrO inhibitors and of genetically distinct 2A mutants (5, 33, 33a, 35) will facilitate dissection of these various functions of 2APrO.
